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Analysis of the available literature shows that rather few authors reported integrated studies of various aspects of PHA degradation, which is a very complex process.
Most of the studies were performed in laboratory, and they mainly addressed the mechanism of interaction between the PHA supramolecular structure and PHA-depolymerizing enzymes, the structure and molecular organization of various depolymerases (Kim et al., 2007) and microorganisms secreting extracellular PHA depolymerases.
Aerobic and anaerobic PHA degrading bacteria have been isolated from various ecosystems such as soil, compost, aerobic and anaerobic sewage sludge, fresh and sea water, estuarine sediments, and air (Kumagava et al., 1992; Imam et al., 1999; Kusaka et al., 1999; Quinteros et al., 1999; Volova et al., 2006; Shah et al., 2007; Volova et al., 2010) . Thus, PHA degrading microorganisms, including P(3HB) degrading bacteria, are present in all terrestrial and aquatic ecosystems.
Laboratory studies of PHA degradation in soil
Soil is the natural environment with the greatest capacity for PHA degradation. However, most of the studies addressing PHA degradation in soil were carried out in laboratory (Bonartseva et al., 2003; Mergaert et al., 1993; Erkske et al., 2006; Suyama et al., 1998; Woolnough et al., 2008) and some of them used isolated cultures of PHA degrading microorganisms (Mokeeva et al., 2002; Bhatt et al., 2008; Colak, Güner, 2004; Nishida and Tokiwa, 1993) . Samples of soil suspension were used as laboratory microcosms to study degradation of polymer films based on two PHA types (poly(3-hydroxybutyrate) and copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate) under stable temperature and moisture conditions (Volova et al., 1992; . Degradation of both types of PHA was strongly influences by the temperature, but no pH effect was observed.
Copolymer samples were degraded with a higher rate than homogenous P(3HB), and as the molar fraction of 3HV increased, the difference in degradation rates became more significant.
The disintegration under composting conditions of films based on poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB) blends and intended for food packaging was studied by Arrieta et al. (2014) . Two different plasticizers, PEG and ATBC, were used to limit the inherent brittleness of both biopolymers. Formulations based on plasticized PLA/PHB blends were successfully disintegrated under composting conditions in less than one month, stating their biodegradable character.
Field studies of PHA degradation in soil

Influence of soil type on the degradation rate
There are very few published data on PHA biodegradation in soil under field conditions.
One of the first studies that addressed PHA degradation under natural conditions showed (Mukai, Doi, 1993 ) that a golf tee made of the polymer was almost completely degraded in soil within four weeks; unfortunately, the authors of this study did not describe either the exact composition of the PHA or the soil characteristics. There are data, however, suggesting that the type of the soil is an essential factor affecting PHA degradation. Mergaert and coauthors (1994) studied biodegradation of P(3HB) and P(3HB-co-3HV)s with different molar fractions of 3-hydroxyvalerate (10 and 20 %) in household compost heaps and showed that significant mass loss was only recorded in the P(3HB-co-3HV) specimens with a high 3HB percent (20 mol. %). Lim et al. (2005) 16.7 % reduction in gross weight of the films buried in acidic forest soil, 3.0 % in the ones buried in alkaline forest soil, and 4.5 % in those buried in mangrove soil. Sridewi and coauthors reported (2006) that the weight of P(3HB) and P(3HB-co-3HHx) films was reduced in 7 days after burial in the mangrove soil. All PHA types were degrading with similar rates. The half-life was 42 days for all PHA samples on soil surface and 28 days for the samples buried 20 cm deep in the soil. Yew and co-authors showed (2006) that PHA degradation rate in the garden soil was influenced by the burial depth and the density of microbial populations. The mass of P(3HB) films decreased by 55 % and 25 % in the soils with microorganism concentrations 1.0×10 8 and
3.2×10
6 CFU/g soil, respectively, within 43 days.
The degradation rate of the films placed on the soil surface was 50 % slower.
Environmental degradation of the bioplastics samples was conducted in "mature soil" under controlled conditions (Woolnough et al., 2013) .
Combining PHB and P(HB-co-HV) films with the anti-fouling agent 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one (DCOI, 10 % w/w) reduced biofouling and postponed the onset of weight loss by up to 100 days, a 10-fold increase compared to unmodified films where the microbial coverage was significant. It have been shown the "switch" that initiates film weight loss, and its subsequent reduced rate, depended on the DCOI loading to control biofouling. Wang et al. (2005) studied degradation of (3HB-co-3HV) films in natural media and reported the highest degradation rate in activated sludge (residual mass 10.87 % of the initial mass at day 480 of the experiment) and lower rates in farm soil (84.32 %) and in the infertile garden soil (98.88 %). Rapid degradation of (3HB-co-3HV) and its blends with atactic P(3HB) was observed in compost containing activated sludge (almost 100 % for 6 weeks) and in soil environment of activated sludge (Rutkowska et al., 2008; ArcosHernandez et al., 2012) .
Influence of polymer composition
and molecular weight on the degradation rate Copolymer degradation is determined by the chemical structure of its monomer units (Sudesh et al., 2000) . The data on the effect of polymer composition on its degradation rate are, however, rather contradictory.
Some authors reported quicker degradation of P(3HB-co-3HV) compared with P(3HB) (Madden et al., 1998; Rizzarelli et al., 2004 On the other hand, comparison of the degradation rates of poly(3-hydroxybutyrate) and its copolymers by the depolymerase of Alcaligenes faecalis showed that the erosion rates decreased in the order P(3HB-co-4HB) > P(3HB) > P(3HB-co-3HV) (Doi et al., 1992 ). An opposite order was obtained in experiments with PHA depolymerases from P. lemoignei and in the in situ soil studies (Kanesawa et al., 1994; Mergaert et al., 1994) . It can be assumed that in natural environments, differences in PHA degradation rates may be caused by differences between depolymerizing enzymes secreted by the diverse microbial community, as degradation of structurally dissimilar PHAs is largely determined by the specificity of the active site in the depolymerase catalytic domain (Shinomiya, 1998; Kasuya et al., 1999; Gumel at al., 2013) .
The available data on the effect of PHA properties such as molar mass on its degradation are inconsistent. PHA properties, however, are related to the molar mass of the polymer and, specifically, to its M w (weight average molecular weight). Several authors reported a direct relationship between the M w of a polymer and its degradation (Quinteros et al., 1999; Mokeeva et al., 2002; Bonartseva et al., 2003; Bonartsev et al., 2009 ). The only way to correctly determine Mw is to use high-performance gel permeation chromatography.
PHA-degrading microorganisms
Degradation of polymer samples (biomass loss, changes in the surface and structure) by both mixed populations of microorganisms (Woolnough et al., 2008) and single-species isolates (Reddy et al., 2008; Bhatt et al., 2008) has been described. Fungi degrade PHAs more actively than bacteria, due to higher mobility of fungal PHA depolymerases (Reddy et al., 2008) .
PHA depolymerases of some soil microorganisms have been isolated and their properties have been studied (Colak, Güner, 2004; Reddy et al., 2003) .
In order to gain insight into PHA biodegra- (Suyama et al., 1998; Jendrossek, Handrick, 2002; Mergaert, Swings, 1996; Bonartsev et al., 2009; Volova et al., 2006 (Brucato, Wong, 1991; Mokeeva et al., 2002; . The higher degradation capacity of fungi is accounted for by the fact that fungal PHA-depolymerases are more mobile than PHA-depolymerases secreted by bacteria (Reddy et al., 2008) .
Most soil PHA degraders are believed to be capable of degrading short-chain PHAs, i.e. ones that consist of monomers containing not more than 5 carbon atoms. Only a few of them can degrade medium-chain PHAs, and this is accounted for by the substrate specificity of PHA extracellular depolymerases (Kim et al., , 2007 . Authors of earlier studies showed that under their study conditions, most PHA degrading soil microorganisms degraded short-chain PHAs, but the portion of degraders of medium-chain PHAs was rather small: 0.8 % to 18 % of all PHA degraders (Nishida and Tokiwa, 1993; Suyama et al., 1998) .
It is noteworthy that isolation of PHA de- radation.
An integrated approach to the investigation of PHA degradation: the studies in Siberian soils
The discrepancies between the data reported by different authors at different times must be due to dissimilarities in PHA specimens used: they were synthesized by different producers on different media, the amounts of residual impurities (such as lipids) in the samples were not equal, the polymers were processed by various techniques, exposure conditions were not the same, and, finally, the effects of degradation were determined using different methods. The degree of crystallinity and PHA molecular weight can be determined using X-ray structure analysis and highperformance liquid chromatography, but the data of some authors are based on indirect evidence, obtained by differential thermal analysis and vis-
cometry.
An integrated approach to the investigation of PHA degradation by soil microorganisms under natural conditions was employed in publications by Boyandin et al. (2012 Boyandin et al. ( , 2013 . The authors studied this process in different climates and soils, taking into account the diversity of soil microbial communities, shapes of polymer samples and methods of their preparation, and the chemical composition of the PHAs tested.
The studies in Siberian soils (Boyandin et al., 2012) (Fig. 1) .
In the soil of the birch rhizosphere, degradation rates of both PHA types were lower, in spite of the great variety of the fungi present in this soil. At day 109 of the exposure, the residual masses of P(3HB) and P(3HB-co-3HV) speci- Thus, at temperate latitudes (Siberia, Krasnoyarsk) with markedly continental climate, in the soddy-carbonate soil of the arboretum, during Fig. 1 . Dynamics of the mass of polymer specimens in Siberian soil the warmer summer season, P(3HB-co-3HV) copolymer films were degraded faster than the higher-crystallinity P(3HB) specimens. These results are in good agreement with the data reported by other authors and those obtained in our previous studies, which show that PHA copolymer specimens are degraded in biological media faster than the homopolymer of 3-hydroxybutyrate (Volova et al., 1992; Mergaert et al., 1993; 1994; Woolnough et al., 2008) , but contradict the data reported by Rosa and coauthors (2003) . Degradation rates of P(3HB) recorded by these authors were higher than P(3HB-co-3HV) degradation rates, and they explained their results as being due to specific surface structure and properties of their specimens.
PHA biodegradability is influenced not only
by the chemical composition of the polymer and the temperature of the environment, but also by the polymer stereoconfiguration, crystallinity, and molecular weight (Nishida, Tokiwa, 1993; Jendrossek, Handrick, 2002) . PHA specimens used in this study had different degrees of crystallinity.
X-ray structure analysis performed at the end of the field experiment showed increases in the degrees of crystallinity of both PHAs, suggesting preferential disintegration of the amorphous phase of both PHAs in the soil under the study conditions, which resulted in a higher degree of crystallinity of the specimens. This result is consistent with the data reported by a number of authors (Abe et al., 1998; Sridewi et al., 2006) .
In contrast to some other degradable polymers (polysaccharides, polylactides), PHAs undergo true biological degradation, which occurs via the cellular and the humoral pathways and is effected by phagocytes and PHA-depolymerizing enzymes secreted by microflora (Kim et al., 2007) . The total counts and composition of con- 
An integrated approach to the investigation of PHA degradation: the studies in tropical soils
Another study of PHA degradation in the soil was performed in the tropics (Boyandin et al., 2013) .
Biodegradation of PHAs of two typespoly(3-hydroxybutyrate) (P(3HB)) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) -was analyzed in soils at field laboratories in the environs of Hanoi (Vietnam) and Nha Trang (Vietnam). The air and soil temperatures and humidity in both study sites were similar throughout the study season. Precipitation at Hanoi was, however, almost an order of magnitude higher than in Nha Trang.
PHAs of all types were degraded at higher rates in the soil of the study site at Hanoi. In Nha Trang PHAs were degraded at lower rates because of lower precipitation amounts in this area in summer.
PHA films were more prone to degradation than pressed pellets. At the end of the experiment (after 184 days of soil exposure), degradation of P(3HB) films reached more than 97 %, and P(3HB-co-3HV) films were 33 % degraded, while the pressed pellets were 42 and 23 % degraded, respectively. In the more arid area (Nha Trang), the mass loss of P(3HB) and P(3HB-co-3HV) films was 16 and 7 % and that of the pressed pellets -18 and 3 %. (Fig. 2) P(3HB) specimens were degraded faster than P(3HB-co-3HV) films and pellets. This is consistent with the data reported by other authors, showing that P(3HB) was degraded with higher rates than P(3HB-co-3HV) by most isolates of PHA degrading bacteria (Manna, Paul, 2000) , actinomycetes (Manna et al., 1999) , and fungi (Sanyal et al., 2006; McLellan, Halling, 1988) . Rosa et al. (2003) also reported higher biodegradation rates of P(3HB) granules compared with P(3HB-co-3HV) and polycaprolactone, and they explained their results as being due to specific surface structure and properties of their specimens. Feng et al. (2004) showed that as 3HV fraction of P(3HB-co-3HV) increased from 8 to 98 mol %, enzymatic hydrolysis of the copolymer by the depolymerase from Ralstonia pickettii occurred with higher rates. The copolymer containing more than 80 % 3HV was not degraded by the depolymerase from Acidovorax sp.
Several authors reported faster degradation of P(3HB-co-3HHx) compared with P(3HB) and P(3HB-co-3HV), suggesting that this difference was caused by dissimilar structures of the polymers Sridewi et al., 2006; Morse et al., 2011) . Other authors reported faster degradation of copolymers compared with P(3HB) (Volova et al., 1992; Mergaert et al., 1992; 1994; Ya-Wu Wang et al., 2004) .
This can be accounted for by the diversity of depolymerases with different substrate specificity and by dissimilarities in polymer crystallinities (Manna, Paul, 2000) . The total counts of bacteria from the biofilm on the surface of polymer specimens showed that their concentration was one or two orders of magnitude higher than in the control soil. Analysis of fungi on Saburo medium showed that the counts of fungi on the surface of all PHA specimens were higher than in the control soil; the difference was more pronounced in the experiment in Nha Trang, reaching 2 or 3 orders of magnitude. (Table 1) .
Conclusion
Studies of PHA degradation in different soils
showed that PHA biodegradation is influenced by the chemical structure of the polymer, its geometry and the technique used to process it; climate and weather, the type of the natural ecosystem and its microbial component in particular, as the factor determining the mechanism of PHA biodegradation: preferential attack of the amorphous 
